Abstract: Broadband graphene oxide/PVA films were used as saturable absorbers (SAs) for mode locking erbium-doped fiber laser (EDFL) and ytterbium-doped fiber laser (YDFL) at 1.06 μm and 1.55 μm. They provide modulation depths of 3.15% and 6.2% for EDFL and YDFL, respectively. Stable self-starting mode-locked pulses are obtained for both lasers, confirming that the graphene oxide is cost-effective. We have generated mode-locked pulses with spectral width, repetition rate, and pulse duration of 0.75 nm, 9.5 MHz, and 2.7 ps. This is the shortest pulse duration directly obtained from an all-normal-dispersion YDFL with graphene-oxide saturable absorber. Matuschek, and J. A. derAu, "Semiconductor saturable absorber mirrors (SESAM's) for femtosecond to nanosecond pulse generation in solid-state lasers," IEEE J. Sel. Top. Quantum Electron. 2(3), 435-453 (1996 144-149 (2011). 9. Z. Sun, T. Hasan, and A. C. Ferrari, "Ultrafast lasers mode-locked by nanotubes and graphene," Physica E 44(6), 1082-1091 (2012). 10. A. Martinez and Z. P. Sun, "Nanotube and graphene saturable absorbers for fibre lasers," Nat. Photonics 7(11), 842-845 (2013 
Introduction
Ultrafast fiber lasers operating in the near infrared range have become one of the most active fields in laser research because of the wide and significant applications in industry, military and basic science. Although semiconductor saturable absorber mirrors (SESAMs) have been mostly used in laser resonators to generate mode-locked laser pulses [1, 2] , they are expensive, complicated in fabrication processes, and narrow in wavelength tuning range. In recent years, both single-walled carbon nanotubes (SWCNTs) and graphene are widely investigated due to their various advantages, such as fast recovery time, large saturable absorption, and ease of fabrication. Chronologically, SWCNT was first used as an effective SA at 1.55 µm [3] . The saturable absorption effect is observed in semiconductor type SWCNTs. After that, SWCNTs have been widely applied for mode locking fiber lasers [3] [4] [5] [6] [7] [8] [9] [10] [11] and solid-state lasers [12] [13] [14] . Because the energy band gap strongly depends on nanotube's diameter [15] , it is required to precisely control the CNT diameter to tune the absorption band of CNT SAs for mode locking laser at a specific wavelength. However, broadband CNT-SAs can be made in use of different diameters and chiralities of nanotubes, e.g., Wang et al. [4] extend the operation bandwidth to 300 nm. Graphene is superior to SWCNTs in broadband saturable absorption due to its gapless linear dispersion of Dirac electrons [16, 17] . Since the demonstrations of mode-locked lasers using graphene as SAs [18, 19] [9, 10, 36] . Although graphene possesses the broadband wavelength-independent saturable absorption, it has a small absorption of only 2.3% and a low modulation depth ~0.75% at 1060 nm [25] . The small modulation depth might not be enough to suppress continuous-wave components [37] for mode-locked pulses in high gain laser system (e.g., Yb-doped fiber laser system).
There are various methods for preparing high-quality graphene, such as chemical vapor deposition (CVD) [38] and chemical reduction method [39] . The first step of chemical reduction method is to synthesize graphene oxide from natural graphite powder. Then reduced graphene oxide (rGO) nanosheet can be obtained from graphene oxide by chemical methods using reductants such as hydrazine, dimethylhydrazine. Therefore, graphene oxide (GO) is the precursor for rGO, and it has also been widely investigated for its physical and chemical characteristics. Different from graphene, GO has strong hydrophilic and water solubility due to presence of oxygen-containing functional groups. The solubility offers superior flexibility and processibility for large-scale production of GO based optoelectronics. For example, we can fabricate graphene-oxide membrane on different kinds of substrates by a spin-coater. Although the oxygen functional groups destroy the gapless linear dispersion of Dirac electrons in graphene and make the graphene oxide (GO) insulating, the GO also possesses continuous absorbance curve with almost constant from 0.8 μm to 25 μm [40] . In addition, GO has a fast energy relaxation of hot carriers and strong saturable absorption, which is comparable to those of graphene [41, 42] . Therefore, GO has potential use as broadband SAs like graphene. Sobon et al. demonstrated that GO could be used as an efficient SA to generate sub-femtosecond Er-doped fiber laser without the need of reduction to rGO [43] . Taking into account the simpler manufacturing technology and its properties, GO seems to be a good candidate as a cost-effective saturable absorber for pulsed fiber lasers.
Recently, graphene oxide saturable absorbers (GOSAs) have been used to generate passively mode-locked pulses in diode-pumped solid-state lasers and fiber lasers at 1 μm [44] [45] [46] , as well as in fiber lasers near 1.5 μm [37, 43, 47 ] and 2 μm [48] . Li et al. [46] report the all-normal-dispersion passively mode-locked ytterbium-doped fiber laser (YDFL) using a GO/PVA-SAs, but the shortest pulse duration they obtained was quite long of ~191 ps. Nevertheless, the pulsewidth is shorter than that of 6.5 ns using graphene as SAs in YDFL [35] . The modulation depth of GOSAs can be easily changed by varying GO concentration and thickness of GO film. Although GO have been demonstrated for passive mode-locking at different wavelength, it has not been demonstrated for broadband operation as graphene-SAs [28] . Promising results show that GO is a good candidate as saturable absorber. However, there are neither reports on GOSA mode-locked all-normal-dispersion fiber lasers at 1 μm with direct few-picosecond pulse output, nor mode-locking operation covering both 1.06-μm and 1.55-μm using the same GOSA sample.
In this paper, stable and self-starting passively mode-locked fiber lasers operating at 1.06-μm (YDFL) and 1.55-μm (EDFL) are demonstrated utilizing a GO/PVA film as the saturable absorber (GO/PVA-SA). It is revealed that the same GO/PVA-SA sample can be used in both EDFL and YDFL to obtain stable and self-starting mode-locked laser pulses, which show that GOSAs can be used for broadband applications. In addition, by inserting a birefringent filter (Lyot filter) in the YDFL cavity, we obtained the spectral width, repetition rate and pulse duration of 0.75 nm, 9.5 MHz and 2.7 ps. The output pulse duration is obviously shorter than previous reports using graphene (~6.5 ns) [35] and GO (~191 ps) [46] as the SAs. To our best knowledge, this is the shortest pulse duration directly obtained from an all-normal-dispersion YDFL with GOSA.
Characterization of graphene oxide saturable absorbers
The GO nanosheets used in this experiment were prepared through a modified Hummers method from expanded acid-washed graphite flakes having mean thickness of less than 3 nm and diameter of 0.1 ~5.0 μm. The detailed preparation of GO/PVA-SAs can be found in Ref [49] . The GO/PVA-SA with thickness of about 3 μm can be directly cut and inserted into the all-fiber cavity between two fiber connectors. This way is more convenient and flexible than that in Refs [37, 43, 47] . In The D peak is due to the defect-induced breathing mode of sp 2 rings. The G peak corresponds to optical E 2g photons at the Brillouin zone center and is due to bond stretching of sp 2 carbon pairs in both rings and chains [50] . A weak and broad 2D peak at 2697 cm −1 was found, which indicates that there was rare graphene in the GO/PVA-SA. In addition, a peak at 2954 cm −1 was observed, which is from PVA films [29] . The transmission spectra of GO/PVA-SA and pure PVA film were shown in Fig. 1(b) measured by a UV-visible-NIR spectrophotometer (Hitachi U4100). The transmission of PVA film is almost flat with the transmittance of 93%. However, the transmission spectrum of GO/PVA-SA shows the monotonic wavelength-dependence in the spectral range from 800 nm to 2000 nm, which is a typical feature of GO and is similar to Refs [45] and [43] . It is caused by the oxygencontaining functional groups, which have larger absorption at short wavelength. The transmittance is 62.2% and 71.8% at 1064 nm and 1560 nm, respectively. In order to determine the modulation depth, we have measured the power-dependent transmission of GO/PVA-SA at various incident powers using a 1.55-μm probe laser with ~600-fs pulsewidth and 78-MHz repetition rate [ Fig. 1(c)] , and a 1.06-μm laser with ~500-fs pulsewidth and 40-MHz repetition rate [ Fig. 1(d) ]. The GO/PVA-SA has the ability of pulse shaping due to its nonlinear absorption property. The single-pass optical transmittance of GO/PVA-SA, T(I), can be expressed as By fitting the absolute transmittance of the GO/PVA-SA versus the input intensity, we obtained the saturation intensity I sat ≈65 MW/cm 2 , and the modulation depth (ΔΤ) is about 3.15% at 1560 nm. Similarly, the saturation intensity is about 108 MW/cm 2 and ΔΤ is about 6.2% at 1064 nm. Assume there is not much difference in the values of σ and τ at 1060 nm and 1550 nm due to flat dispersion of GO, we have the larger I sat at the short wavelength, consistent with the experimental results of decreasing ΔT (modulation depth) of GO/PVA-SA with wavelength. Similar result can be found for graphene-SAs [51] 
Experimental setup of GO mode-locked fiber lasers
The experimental setup of GO passively mode-locked EDFL and YDFL are shown in Fig. 2 . The parameters in parentheses are for the YDFL. The laser cavity consists of a 90-cm erbiumdoped fiber (ER80-4/125, LIEKKI) (or a 90-cm ytterbium-doped fiber, YB1200-4/125, LIEKKI), a fiber polarization controller, a fiber isolator, a 40% output coupler (30% for YDFL), and a 980/1550 WDM coupler (980/1060 for YDFL). The GOSA was sandwiched between the APC connectors of single-mode fiber jumpers. The gain fiber was core-pumped by a diode laser with center wavelength of 974 nm. The total cavity length is approximately 12.4 m and 20 m for EDFL and YDFL, respectively. The output signals were detected and characterized by a high-speed InGaAs detector, a 500-MHz oscilloscope (LeCroy LT372), a 2.9-GHz radio-frequency (RF) spectrum analyzer (HP 8560E), and an optical spectrum analyzer (Ando AQ6315A). A non-collinear autocorrelator (FR-103WS, Femtochrome Research, Inc.) was used to measure the width of mode-locked pulses. 
Experimental results and discussions
First, the GOSA is inserted into the EDFL. The threshold pump power for continuous-wave lasing is about 37 mW. When the diode pump power increased to 45 mW, self-started modelocking occurred. Figure 3 (a) shows a typical pulse train at 83-mW pumping. The pulse spacing is 62.9 ns, corresponding to the fundamental beating frequency of 15.95 MHz. The RF spectrum is shown in the inset of Fig. 3 (a), which shows a very high extinction ratio of 74 dB against noise, indicating good mode-locking stability. We have also measured the modelocked pulses with autocorrelator and optical spectrum analyzer [ Fig. 3(b) and the inset]. By fitting the autocorrelation trace to sech 2 function, the pulse duration was found to be 587 fs. The optical spectrum is centered at 1559. Based on the location of Kelly sidebands, the averaged cavity dispersion was estimated to be 0.1688 ps/nm [52] . Using the measured output power of 2.5 mW, we estimated the pulse energy and peak power to be 0.16 nJ and 267 W, respectively. Further increase of the pump power resulted in wave breaking, and the laser would turn into multi-pulse states.
The identical GO/PVA-SA was then inserted into the YDFL. The laser cavity included 0. /m), and the total dispersion was calculated ~0.578 ps 2 When the diode pump power was increased to 38 mW, CW lasing can be observed. On increasing the pump power to 52 mW, self-started mode locking occurred. Figure 3(c) shows the typical pulse train with repetition rate of 10.05 MHz. The signal-to-noise ratio of 61 dB in the RF spectrum [inset of Fig. 3(c) ] indicates good mode-locking stability. The pulse shape of a single pulse is shown as the solid line in Fig.  3(d) by using an oscilloscope (Agilent 86109B). The dashed line is the Gaussian fitting profile, from which the pulse duration of 189 ps is obtained. This result is comparable to Ref [46] . The optical spectrum [inset of Fig. 3(d) ] is centered at 1059.7 nm with a full-width at half-maximum of 1.93 nm. The all-normal-dispersion YDFL operates at dissipative soliton (DS) regime, as confirmed by the steep spectral edges in optical spectrum [23] . The TBP is 97, showing that the mode-locked pulses are highly chirped, which is a typical feature of the DSs. It is well known that the highly chirped DS pulses can be compressible outside the cavity. The maximal output power was 12.5 mW at 156 mW pump power, corresponding to single-pulse energy of 1.2 nJ and peak power of 5.91 W. Further increase of the pump power resulted in pulse instability and disappearance of mode-locking. There may be heat accumulated in GO/PVA-SA, leading to pulse instability. However, after decreasing the pump power, stable self-started mode locking will occur again. Because the DSs are highly chirped, they can also be applied as the input light source in the chirped pulse amplification (CPA) system. By using a double-cladd fiber amplifier, we can easily obtain the output power of 500 mW without pulse breaking. To confirm that mode locking really results from GOSA, we have purposely removed the GO/PVA-SA from the cavity, no mode locking was observed. In this work, the GO/PVA-SA mode-locked YDFL and EDFL can be continuously operated for more than 24 hours. The bandpass filters can provide the spectral filtering effect for pulse shaping, e.g., an interference filter with 10 nm bandwidth [53] , a birefringent filter consisting of a birefringent plate and a polarization beam splitter [54] , or a fiber-based Lyot filter with 8.6 nm effective bandwidth [55] . In our YDFL, the DSs can be automatically formed without adding extra filter. The spectral filtering may be provided from intracavity birefringent filter of the laser (an intracavity component with polarization dependent loss and birefringence of intracavity fiber as a Lyot filter) [56] , the gain fiber (cutting the pulse temporal wings introduced by normal GVD during intracavity propagation) [57, 58] , or the fiber nonlinearity and the chirping induced in the normal-dispersion cavity in conjunction with the nonlinear transmission of GO-SAs [59] . However, the bandwidth of spectral filtering is too wide to effectively shape the pulses.
In order to obtain the few-picosecond or sub-picosecond pulse in all-normal-dispersion YDFL, fiber-based filters with 3-dB spectral bandwidth of about 10 nm, 3 nm and 0.8 nm will be added respectively into the laser cavity. The filter is inserted between GOSAs and polarization controller according to the systematic study by Chong et al. [54] for all-normaldispersion fiber lasers, where the results show that shortest pulse duration can be obtained after the pulses propagate through the spectral filter. With filter bandwidth of 10 nm and 3 nm, the output pulse duration is almost the same as the previous result of ~189 ps. The bandwidths of these two filters may be too wide to shape the pulse. Therefore, we spliced a section of 1.5-m polarization maintaining (PM) fiber (PM980, GVD: 0.026 ps 2 /m) between the GOSA and polarization controller to obtain an intracavity birefringent filter. When a section of PM fiber (PMF) is introduced into the laser cavity consisting of standard single mode fibers, an intracavity component with polarization dependent loss (PDL) (such as fused fiber coupler or multiplexer etc.) leads to the Lyot filter effect [60] . The total dispersion of this fiber laser was calculated ~0.617 ps 2 with 1.5-m PM fiber. Figures 4(a) and 4(b) show the RF spectrum, optical spectrum, and autocorrelation trace of YDFL with intracavity Lyot filter. When the diode pump power was increased to 40 mW, CW lasing can be observed. After increasing the pump power to 48 mW, self-started mode locking occurred. The typical continuous-wave mode-locking (CWML) pulse train shows the pulse spacing of about 105.2 ns with pump power of ~93 mW, which corresponds to repetition rate of 9.5 MHz and agrees with the RF spectrum in the inset of Fig. 4(a) . The pulse train with long time-scale reveals that the CWML state is free of Q-switching modulation. As shown in Fig. 4(a) for fundamental beating frequency of 9.5 MHz, we have demonstrated a clean CWML Yb-doped fiber laser with very high extinction ratio of 68.2 dB against noise, as well as the absence of any spurious modulations. The measured autocorrelation trace of the mode-locked pulses can be well fit to a Gaussian function to obtain FWHM pulsewidth of ~2.73 ps [ Fig. 4(b) ] with optical spectrum centered at 1057.2 nm and spectral width of 0.75 nm [inset of Fig. 4(b) ]. The time-bandwidth product is about 0.547, which is slightly larger than the transform-limited value of 0.44 for Gaussian pulses, indicating that the mode-locked pulses are chirped and their duration could be further narrowed. To our best knowledge, this is the shortest pulse duration directly obtained from an all-normal-dispersion YDFL with GOSAs. For a birefringent fiber filter, the wavelength spacing (Δλ) between two neighboring spectral peaks can be decided by the formula λ 2 /(Δn·L) [61] , where λ, ∆n, and L are the laser wavelength, birefringence of the PMF, and length of PMF, respectively. When the values of λ, ∆n, and L were used (1057.2 nm, 4.0 × 10 −4 , and 1.5 m, respectively), Δλ is calculated to be 1.87 nm, which is close to the measured result (~1.7 nm) in the inset of Fig. 4(b) . In use of the measured average output power of 2.1 mW, repetition rate of 9.5 MHz, and pulsewidth of 2.73 ps, the pulse energy and peak power are estimated to be 0.22 nJ and 81.8 W, respectively at 93 mW pumping. 
Conclusion
We have fabricated graphene oxide/PVA saturable absorbers, and the modulation depths of GO/PVA-SA are 3.15% and 6.2% at 1.06 μm and 1.55 μm, respectively. Stable and selfstarting passively mode-locked YDFL and EDFL are demonstrated utilizing this absorber.
The mode-locked EDFL is implemented with a total cavity length of 12.4 m and 40% output, for which the spectral width, repetition rate, and pulse duration are 5.16 nm, 15.9 MHz, and 587 fs, respectively. Using the same GOSA for YDFL mode-locking, 10.05-MHz repetition rate, 189-ps pulse duration and output power of 12.5 mW have been obtained with cavity length of about 20 m. It is revealed that a GOSA can be used in both EDFL and YDFL to obtain stable and self-starting mode-locked laser pulses. Finally, a birefringent filter is inserted into the YDFL cavity. Spectral width, repetition rate, and pulse duration of 0.75 nm, 9.5 MHz, and 2.7 ps have been obtained. This is the shortest pulse duration directly obtained from an all-normal-dispersion YDFL with GOSAs, which is an improvement on the previous report of 191 ps.
